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ABSTRACT 
W.e discuss the electro-~rirnakof'f .proces.s (e + Nucleus)+ 
(e + Nucleus + no) where an off-mass-shel1,photon interacts with 
the Coulomb field of the nucleus to produce a no meson. Unlike 
+ - the Dalitz pair decay of the no, e.g., TO+e e y, here the exchanged 
3 
photon can have a comparitively large four-momentum square ( 1 k - 1 )  
and can be controlled by the electron energy and the scattering 
angle. This process can thus be a directmeans for measuring' 
the momentum dependence of the nO+yy coupling when the photons. 
are off-mass-shell. We'have plotted the differentlal electro- 
Primakoff cross-section $or dtfferent values of .lc2 for the case 
when the momentum dependence of the rrOyy coupling is neglected, 
i.c., we have used the value - for the coupling constant obtained 
.from the TO+-yy decay. We have considered two representative 
target materials corresponding roughly to hydrogen aad lead. 
The dependence of'the'cross-section on the angles made by the 
outgoing pion ( 0  and (I ) and on the electromagnetic form 
yn' YT 
factor j . ~  also discussed in some detail.. The electro-Primakoff 
2 I peak occurs at an angle BE = ( I k  I + mn2)/2~n2 with respact to 
the virtual photon direction and the .cross-section has a unique 
@Y, 
dependence of the form C1(C2 + sinL@ . Finally, the 
YT 
contribution of the background processes are discussed. Import- 
. . 
ant among these are coherent electrb-nuclear and bremsstrahlung 
production of no mesons. We have estimated the coherent back- 
ground by using the weizsakker-Williams approximation procedure 
. .-.- 
and found i t s  c o n t r i b u t i o n  a t  t h e  p o s i t i o n  of' t h e  e l e c t r o -  
2 Primakoff  peak t o  be  s m a l l  s o  l o n g  a s  1 k I / E ~ ~  i s  small. The 
main b r e m s s t r a h l u n g  T O  peak (Pr imakof f  p e a k )  would be i n  t h e  
v e r y  fo rward  d i r e c t i o n  and would n o t  i n t e r f e r e  w i t h  t h e  e l e c t r o -  
Pr imakoff  peak .  Also t h e  c o h e r e n t  b r e m s s t r a h l u n g  background 
c o n t r i b u t i o n  c a n  be r e s o l v e d  by a s u i t a b l e  c h o i c e  o f  t h e  
k i n e m a t i c s .  
I .  INTRODUCTION 
The p r o d u c t i o n  o f  no mesons i n  t h e  Coulomb f i e l d  o f  a  
n u c l e u s ,  o r i g i n a l l y  s u g g e s t e d  by p r i m a k o f f l ,  h a s  been s t u d i e d  
' e x t e n s i v e l y  d u r i n g  t h e  p a s t  t e n  T h i s  h a s  f u r n i s h e d  
i n f o r m a t i o n  on t h e  two-photon c o u p l i n g  c o n s t a n t  o f  t h e  p i o n  
when one of t h e  pho tons  i s  r e a l  and t h e  o t h e r  v i r t u a l  ( s p a c e -  
l i k e ) .  T h i s  i n  t u r n  p r l o d u c r s  the l i f e t i m c  o f  t h e  a 0  meson, 
The o b j e c t  of  t h i s  paper '  i s  t o  i n v e s t i g a t e  t h e  e l e c t r o - P r i m a k o f f  
e f f e c t ;  t h a t  i s ,  we s h a l l  d i s c u s s  t h e  p o s s i b i l i t y  o f  p e r f o r m i n g  
n o ( q ) - p r o d u c t i o n  e x p e r i m e n t s  w i t h  e l e c t r o n  beams and s t u d y  t h e  
observations t o  b e  e x p e c t e d .  I n  t h i s  c a s e  we n o t e  t h a t  b o t h  
t h e  pho tons  a r e  s p a c e - l i k e  and hence  t h i s  w i l l  g i v e  u s  more 
i n s i g h t  i n t o  t h e  n a t u r e  o f t h e  o f f - s h e l l  two photon-plori  cuup-  
l i n g .  Our c a l c u l a t i o n s  w i l l  a l s o  g i v e  some e s t i m a t e s  of  t h e  
Coulomb p r o d u c t i o n  background f o r  t h e  i n e l a s t i c  l e p t o n - n u c l e o n  
s c a t t e r i n g  e x p e r i m e n t s . . T h i s  i s  i m p o r t a n t  t o  know i n  t h e  p r e s e n t  
c o n t e x t  of t h e  i n e l a s t i c  e x p e r i m e n t s  b e i n g  p l a n n e d  a t  h i g h e r  and 
h i g h e r  e n e r g i e s .  Fur the rmore  , s i n c e  i n  t h i s .  e l e c t ' r o - p r o , d u c t i o n  
p r o c e s s  we c a n  c a l c u l a t e  e x a c t l y  t h e  matr ix e lement ' ,  i t  would 
a l s o  b e  i n t e r e s t i n g  t o  s e e  how good t h e  Weizsycker-Wil l iams app- 
r o x i m a t i o n ,  which was i n v e n t e d  t o  o b t a i n  r e s u l t s  f o r  f a s t m o v i n g .  
p a r t i c l e s ,  work i n  p r a c t i c e .  From a n  e x p e r i m e n t a l  p o i n t  of view 
t h i s  w i l l  have some a d v a n t a g e s  .oyer  t h e  .PrimaIcoff e f f e c t  i n  
./ 
, . - 2 -  
I t h e  s e n s e  t h a t  i t  i s  p o s s i b l e  t o  measure a c c u r a t e l y  b o t h  t h e  
incoming and o u t g o i n g  momentum and energy  of t h e  e l e c t r o n ,  
i 
and hence  i.t would enable  u s  t o  unders tand 
t h e  s p a c e - l i k e  c h a r a c t e r  of  t h e . p h o t o n  i n  more d e t a i l ' .  Our 
. ,. I f i n a l  comment i s  t h a t  t h i s  exper iment  s h o u l d  be  performed 
i 
a t  l e a s t  t o  conf i rm and i n c r e a - s e  o u r  unders tand in 'g  o f  t h e  
1 ! I  
I 
I p r o d u c t i o n  p r o c e s s e s  v i a  Coulomb i n t e 1 - ; a c t i o n s .  
The p l a n  o f  t h e  p a p e r  i s  a s  f o l l o w s .  I n  S e c t i o n  11 we 
d i s c u s s  t h e  k i n e m a t i c s  and d e r i v e  f o r m u 1 . a ~  n e c e s s a r y  f o r  t h e  
e v a l u a t i o n ' o f  t h e  c r o s s - s e c t i o n .  We n o t e  i n  advance t h a t  i n  
t h i s  c a s e ,  s i 'nce  we' have two o u t g o i n g  p a r t i c l e s ,  we s h a l l  
have a n  e x t r a  a z i m u t h a l  a,ngle t o  me'asure between t h e  o u t -  
1 ,  g o i n g  e l e c t r o n  and t h e  p i o n  p l a n e s .  T h i s  may be a n  i n t e r e s t -  
, :  
i n g  a s p e c t  o f  i n v e s t i g a t i o n  f o r  t h e  e l e c t r o - P r i n a k o f f  e f f e c t .  
We s h a l l  a l s o  d e r i v e  h e r e ' e x p r e s s i o n s  f o r  t h e  e l e c t r o -  
Pr imakoff  e f f e c t  i n  t e rms  o f  t h e  photo-Pr imakoff  e f f e c t  i n  
I .  
t h e .  Weizs3cker-Will iams a p p r o x i m a t i o n . , I n  S e c t i o n  111 we 
s h a l l  make some s m a l l  a n g i e  a p p r o x i m a t i o n s  and d i s c u s s  t h e  
e x p e r i m e n t a l  f e a s i b i l i t y  o f  t h e  e l e c t r o - P r i m a k o f f  p r o c e s s .  
We p r e s e n t  g r a p h s  showing t h e  b e h a v i o u r  o f  t h e  c r o s s - s e c t i o n  
a s  a f u n c t i o n  of t h e  obse rved  v a r i a b l e s  i n  s e c t i o n  I V .  We 
a l s o  d i s c u s s  ' t h e r e  t h e  e 'ffec' t  o f .  t h e  n u c l e a r  form f a c t o r  
on t h e  c r o s s - s e c t i o n .  I n  s e c t i o n  V t h e  g e n e r a l  background '  
p r o c e s s e s ,  which can  a f f e c t  . t h i s  experirnent  w i l l  be  s t u d i e d .  . 
Notab le  o f  t h e s e  i s  t h e , e l e c t r o - n u c l e a r  p r o d u c t i o n  of  t h e  
no mesons. T h i s  p a r t  o f  t h e  a n a l y s i s  w i l l  be s i m i l a r  t o  t h a t  
of the photo-Primakoff effect. However, we have to estimate 
these electro-results from the'corresponding photo-results 
I 
using some approximation procedure.since .the data for el'ectro- 
production of T O  meson is not presently available. We shall . 
also make some comments on the Bremsstrahlung effec.t. 
KINEMATICS AND CROSS-SECTION CALCULATION 
The kinematics and the notation for the electro- 
Pr.imakoff effect .are shown in :Fig. 1, which represents the 
FIGURE I. 
P i  and  p  
a r e  t h e  i n i t i a l  and  f i n a l  momenta o f  t h e  e l e c t r p n s ,  f 
. . k i s  t h e  momentum t r a n s f e r  t o  the pho ton  f rom ' t n ~  e l e c t r o n s ,  
-P 
.. . q = ( 0 , q )  i s  t h e  mornenturn of t h e  Coulomb pho ton  and pn i s  
.- . 7 
' t h e  momentum of t h e  n e u t r a l  p i o n  p roduced .  k -  and q2 a r e  
2 
. b o t h  s p a c e - l i k e ,  i .e .  n e g a t i v e  i n  o u r  m e t r i c ,  and = m n .  
Ze i s  t h e  t o t a l  cha rge  o f  t h e  n u c l e u s ,  o u r  Coulomb s o u r c e .  
F i r s t  l e t  u s  r e c a p i t u l a t e  t h e  P r i m a k o f f - e f f e c t ,  
where k2  = 0 .  Le t  t h e  r e a l  two pho ton  decay o f  t h e  T O  meson 
be' d e s c r i b e d  b y  a Lagrang ian  
where @n and F = 3,,Av - a A r e p r e s e n t  . t h e  no and t h e  
P V  v lJ 
photon  f i e l d s  r e s p e c t i v e l y ,  i s  the '  t c t a l l y  znti- and .E,;,lf36 
symmetr ic  t e n s o r . : T o  conform w i t h  t h e  u s u a l  n o t a t i o n s  i n  . 
t e rms  of t h e  e l e c t r i c  and r n a g n e t i c . f i e l d s  E and H ,  we n o t e  t n a t  
L ( x )  c an  a l s o  b e  w r i t t e n  as 
L ( x )  = AE.H +7T(x)  
The l i f e t i m e  o f  t h e  T O  meson i s  t h e n  g i v e n  i n  terms o f  t h e  
c o u p l i n g  c o n s t a n t  X : 
F o r  t h e  Coulomb c a s e ,  w e  have 9 
' . -5,- 
Suppose t h a t  t h e  TO-2y c o u p l i n g  c o n s t a n t  when one 
photon i s  r e a l  and t h e  o t h e r  v i r t u a l  i s  same a s  t h e  c o u p l i n g  
I 
! 
c o n s t a n t  o f  t h e  no meson d e c a y i n g  i n t o  two r e a l  p h o t o n s .  
; This .  i s  n o t  a  bad a p p r o x i m a t i o n  s i n c e  t h e  s q u a r e d  f o u r  ' 
i . . 
!. 
. , ' momentum o f  t h e  v i r t u a l  photon i s  v e r y  s m a l l  i n  t h e  k i n e -  
1 ; 
. .  , r m a t i c  r e g i o n  which i s  i m p o r t a n t  . f o r  t h e  Pr imekoff  p r o c e s s .  
I I 
j . The Primekoff  c r o s s - s e c t i o n  f o r  a n  unpo1,ar ized  pho ton  bean1 
I 
can  t h e n  be  e a s i l y  c a l c u l a t e d  from e q s .  (1 )  a n d  ( 4 )  i n  t e r m s  
of t h e  p i o n  l i f e t i m e .  
. where a = 1/137,  eyn  i s  t h e a n g l e  made by t h e  no momentum 
4 --b 
I .  p, w i t h  t h e  incoming pho ton  momentum k ,  and F e S m  ( q 2 )  i s  
I .  
8 I 
: t h e  n u c l e a r  eieci ; rornagnetic  i'oillr! f 'ac lur . ,  c o l - ~ e c t e ~ i  L"oi: 
! 
. a b s o r p t i o n  o f  t h e  o u t g o i n g  p i o n  3 , 4 )  
, ! The phenomenologica l  TO-2y v e r t e x  i s ,  s ' t r i c t l y  
I 
1 
, . s p e a k i n g ,  a  f u n c t i o n  o f  t h e  two pho ton  momenta. L e t  u s  
d e n o t e  t h i s  by k 2 ) .  s i n c e  f o r  t h e  ~ r i m e k o f f  p r o c e s s  t e e  
incoming photon i s  r e a l  ( k 2  = O ) ,  and 
a t  t h e  fo rward  peak o f  t h e  c r o s s - s e c t i o n ,  we can  n e g l e c t  t h e  
. . 
' L . . momentum .dependence o f  t h e  c o u p l i n g  c o n s t a n t  A ,  i .  e  . h ( q 2  ,0)  = 
s ow ever, f o r  th,e e lec t , ro-Pr imalcoff  e f f e c t  k' can  b e  
q u i t e  l a r g e  a n d ,  t h e r e f o r e ,  a . s t u d y  o f  t h i s  p r o c e s s  s h o u l d  
r e v e a l  t h e  momentum dependence,  i f a n y ,  of  t h e  so-2y  
c o u p l i n g  c o n s t a n t .  
! The c a l c u l a t i o r !  of  t h e  c r o s s - s e c t i o n  f o r  t h e  e l e c t y o -  
I .  Primakoff e f f e c t  i s  s t r a i g h t f o r w a r d  and can be expre s sed  a s  
where we have d e f i n e d  a new space - l i ke  v e c t o r  
vi i s  t h e  v e l o c i t y  of  t h e  incoming e l e c t r o n  and Ei and Ef a r e  
t h e  e n e r g i e s  o f  t h e  i n i t i a l  'nd f i n a l  e l e c t r o n s  r e s p e c t i v e l y .  
A cornpariaon w i t h  t h e  p h o t c - a f f e c t  LmmeA,iately t e l l s  us  t h a t  
e l ec t ro -P r imakof f  e f f e c t  w i l l  be impor tan t  dn ly  when a /k2 i s  
no t  t o o  s m a l l ,  and consequent ly  t h e  s c a t t e r i n g  ang le  of  t h e  
e l e c t r o n ,  0,, should  be small,. 
For t h e  e l ec t ro -P r imakof f  e f f e c t  i t  i s  convenien t  t o  
d e f i n e  t h e  a n g l e  made by t h e  ou tgo ing  p ion  momentum w i t h  
r e s p e c t  . to  t h e  v i r t u a l  photon momentum. T h i s  i s  a l s o  t h e  
ang le  measured i n  t h e  Primakoff e f f e c t .  The co-ord ina te  
#. 
.. . system t h a t  we s h a l l  employ h e r e  i s  shown i n  f i g .  2 .  The Z-axis 
a 
i s  t a k e n  a long  t h e  photon momentum k  and t h e  X-a,xis i s  i n  t h e '  
p l ane  d e f i n e d  by 
+ .  + 
P i ,  Pf and $ v e c t o r s .  The d i r e c t i o n  of 
i s  d e f i n e d  by t h e  a n g l e s  0 and (by? as . shown  i n  f i g .  2 .  Y?'f 
-3 , - P  
We s h a l l  approximate  ( p i l  > l p f (  by Ei and Ef whenever 
a p p r o p r i a t e .  Then we, o b t a i n  
-+ (3: -+ 2  2-32 2  2  2  ( $ 1 3 r ) , p f , r )  = E.E ~ f n  p S i n  eynS in  0 Y S i n  ee  
32  q  = 2En 2  - k 2 - m2- 2 1 ~ 1  ( ~ f  - m:)1'2Cose 
Y IT 
(10 )  
7 
and k2 = 2m; - t 2 ~ i ; ~ i l ; ~ l ~ 0 ~  ee . ( 1 1 )  
Eq. ( 6 )  supplemented . w i t h  e q s .  ( 8 )  t o  (11)  , which e x p r e s s e s  
a l l  t h e  v a r i a b l e s  i n  t e rms  of measurable  q u a n t i t l . e s ,  i s  ou r  
_. _ -  
b a s i c  e x p r e s s i o n  f o r  t h e  e l ec t ro -P r imakof f  e f f e c t .  
For  l a t e r  use  we s h a l l  n o r  employ t h e  Weizgcker-Will iams 10 1 
approximat ion  procedure  t o  w r i t e  dpwn t h e  r e s u l t  f o r  t h e  
e l ec t ro -p roduc t - i on  p r o c e s s  i n  t e rms  of  t h e  photo-produc t ion  p r o c e s s .  
We remind t h e  r e a d e r  t h a t  t h i s  i s  a u s e f u l  . . t e c h n i q u e  f o r  o b t a i n i n g  
l e a d i n g  h i g h  energy behav iou r  of  e l e c t r o - p r o d u c t i o n  c r o s s - s e c t i o n  
on ly  i f  t h e  e l e c t r o n  i s  s c a t t e r e d  i n t o a  s m a l l  fo rward  a n g l e .  - 
F u r t h e r  i t  i s  t o  be unders tood  t h a t  t h i s  approxi .mationl1) w i l l  be 
c o r r e c t  on ly  when t h e  a z i m u t h a l  an .g le  of  t h e  e l e c t r o n  i s  . , 
i n t e g r a t e d  o v e r .  We t h e n  f i n d  ( s e e  A p p e n d i x A f o r  d e r i v a t i o n  and 
. , d i s c u s s i o n )  t h a t '  i 
111. SMALL ANGLE APPROXIMATION AND COMPARISON WITH PRIT!MKOFF 
EFFECT 
For  t h e  Primakoff  e f f e c t ,  I ,  when 0 i s  s m a l l  we c a n  w r i t e  
Y'ir 
I 
and hence h e  have from e q .  ( 5 )  
I 
. . where we have d e f i n e d  I 
I Thus f o r  t h e  Primakoff  e f f e c t ,  t h e  c r o s s - s e c t i o n  i s  peaked 
a t  a n  ang le  0 = 0 n e a r  t h e  forward d i r e c t i o n .  T h i s  
Y" P  
enab le s  Primakoff e f f e c t  t o  be d i s t i n g u i s h e d  from the .  . : .  I 
I !  
1 background p r o c e s s e s .  - .  !. : ! 
For a s i m i l a r  a n a l y s i s  o f ' t h e  e l ec t ro -P r imakof f  
i 
e f f e c t ,  i t  is convenient  t o  r e w r i t e  t h e  c r o s s - s e c t i o n  i n  
t e rms  of t h e  f i v e  independent  v a r i a b l e s  E i ,  Ef, B e ,  0 Yn , 
and 6 . . ,AS  mentioned e a r l i e r  B e  must be s m a l l ;  we t h e n  
Yn 
o b t a i n  
2 2 k  = - [ ( ~ , E , / E ) ~  + (E0,) 1 . . ,  , (16 )  
i where we have d e f i n e d  E2 = E E and have n e g l e c t e d  terms '  i. f  j j 
. , in:k2 2 ,~ .  B"E' whj.ch are indeed small . .  o l  ol8 l le l .  @,me . , e  
A s  i n  t h e  Primakoff  e f f e c t  we a l s o  expec t  h e r e  a  peak ing  
behavi-our of  t h e  c r o s s  s e c t i o n  i n  t h e  forward d i r e c t i o n  
! 
i 
! .  For sma l l  0 w e  can w r i t e  
'tn 
2 We f u r t h e r  f i n d  t h a t  whe,n E > >  -1c2 and E~ > >  m 
2 
7 1 .  7 1 ,  I T  
where -- 
Using ( 1 7 )  and (18 )  i n  ( 6 )  w e  o b t a i n  
2 2 2  2 2  2  2  1 + E 0 ) ( ~ E / E ~  + E  e e ) l  x [2~40: S i n  + T ( ~ ,  
In e  e n  
( 2 0 )  
Thus t h e  e lec t ro -Pr imakof f  d i f f e r e n t i a l  c r o s s - s e c t i o n  w o u l d .  
3 
peak a t  an  a n g l e  0 =BE . Since  k '  i s  n e g a t i v e ,  comparing ( 1 5 )  Y"T 
and ( 1 9 )  we n o t e  t h a t  t h e  ' p e a k v  a n g l e  B r  .L  i s  g r e a t e r  t h a n  t h e  
co r r e spond ing  a n g l e  0 P f o r  t h e  Primakoff  p r o c e s s .  
2  +2 +- 2 If -k2 = E  > >  I we o b t a i n  q = J2 E,Ip,l(Oyn 2. 
7T 7 T '  + B E ' )  
where 
I n  t h i s  c a s e  t h e  e l ec t ro -P r imakof f  peak would be  ve ry  broad  
and would occu r  a t  a  r e g i o n  where t h e  dominant c o n t r i b u t i o n  
t o  t h e  ITO p r o d u c t i o n  c r o s s - s e c t i o n  would come from t h e  back- 
ground p r o c e s s e s .  Hence we w.o.uld r l e s t r i c t  o u r s e l v e s  t o  t h e  
2 case  E~ > >  , -k . 
TI 
To o b t a i n  some n u ~ e r i c a l  e s t i m a t e s  o f  t h e  e l e c t r o -  
Prirnakoff c r o s s - s e c t i o n  l e t  u s  assume t h a t  we can 
r p p r o x i i l ~ a t e  h ( G - ~  >k2) by t h e  r0 decay coupl-ing c o n s t a n t .  With 
t h e  small a n g l e  approximat ion w r i t t e n  above,  and assuming a 
sirnil.ar I t inemat ic  r e g i o n ,  we can r e l a t e '  t h e  e l e c t r o -  
Pr imakoff  p r o c e s s  t o  t h e  photo-Primakoff  ppocess  i n  a  s imp le  
. way. ~e s h a l l  a l s o  assume h e r e  t h a t  t h e  n u c l e a r  form f a c t o r  
e f f e c t  i s  same f o r  bo th  t h e  p r o c e s s e s .  L e t  us  w r i t e  
3 EP . . EP - d  a A E f  A R f  A R ,  A 0  dErdRf dR, 
We d i s c u s s  s e p a r a t e l y  two c a s e s  depending on t h e  v a l u e  o f  0 e  
compared w i t h  m e ~ / @ i ~ f ) .  
Case. 1. 
. 2  2 2 
I n  t h i s  c a s e  - k2 = me (E,/E )<<  , ,  E .  Then compar ing  ( 2 0 )  
w i t h  ( 1 4 )  we g e t  
c a s e  2 .  
I n  t h i s  c a s e  k2  cou ld  be l a r g e .  However, f o r  r e a s o n s  d i s c u s s e d  
a l r e a d y  ( s e e  a f t e r  e q .  ( 21 ) ) ,we  would r e s t r i c t  o u r s e l v e s  t o  




K v i 1 
To obtain a rough estinate of the cross-section, 
. let us assume that E i -. Ef - E - E n ,  and AE~/E, = 1/5. For 
very small electron scattering angle (Case l), we take 
o c BeE 4 m . Let us further assume that = 0 and e BE . P'. 
replace AS?+ by 2n8: = 2r(me/~) 
2 
Then r r o ~ r ~  ('23) we obtain 
We next consider the" case 8, > n e E -rr /EiEf . We shall take 
2 2  2 - 1/4. me/E< oe < m,/E, and assume that (e2 ' +  /(eyn + 
YV 
2 We further take <Sin 4 > = - Ane = 27~0,d8,, and integrate 
Y 2 
(24) over Be for m e /E to m,/E This gives 
. . 
-2 P For Primakoff effect Z .  Ao is of the order of micro-barn 
(we assumed A R ~ = ~ I I ~ ~ ~ ) ,  so that ~ 0 ~ ~ ~ , 1 . 0 - ~ ~ b .  A more. exact 
evaluation of the electro-Primakoff cross-section (eq.(28)) 
for E i =  10 Gev, and Ef = 8 Gev and 4 Gev, as a function of 
2 k is shown in Fig. 5: These estimates show that with a 
reasonable incident electron flux (say, of the order of 10 11 
electrons/sec.) and moderately good detection efficiency (-0.1) 
the electro-Primakoff effect should be within the range 
of experimental .m-easurement . . 
IV. ELECTRO-PRIW.KOF'l? CROSS-SECTICN 
I n  t h i s  s e c t i o n  w e . s h . a l l  s t udy  t h e  behav iou r  o f  
t h e  e lec t ro-PrJmakoff  c r o s s - s e c t i o n a s  . . a function of  t h e  
d i f f e r e n t  observed  v a r i a b l e s  and s h a l l  make n u n e r i c a i  e s t i -  
mates .  I f  we keep t h e  i n i t i a l  and f i n a l  ene.rg'ies of  t h e  
e l e c t r o n  f i x e d  we have on ly  thpee'  v a r i a b l e s  l e f t ,  namely,  
t h e  p i o n  p r o d u c t i o n  angle  By,,:,  t h e  az imu tha l  a n g l e  Q Y* 
and t h e  e l e c t r o n  s c a t t e r i n g  a n g l e  B e  (which e s s e n t i a ' l l y  
2 d e f i n e s  k . ) .  I n  t h e  fo l lowing  we s h a l l  keep t h e  i n i t i a l  
e l e c t r o n  energy  f i x e d  and c o n s i d e r  two v a l u e s  for the f i n a l .  
e l e c t r o n  ene rgy .  The k inemat ic  r e g i o n  t h a t  we s h a l l  be 
2 i n t e r e s t e d  2n i s  E - G.. and ~2 >>  -k = We ~ h 2 l l  a l s o  
7~ n 
discu.ss h e r e  t h e  dependence of t h e  c r o s s - s e c t i o n  03 -the n u c l e a r  
f o r m f a c t o r .  ' 
(i) +yn dependence: S ince  w e  have two ou tgo ing  
p a r t i c l e s  ( the e l e c t r o n  and the  p i o n ) ,  w e .  can  measure the 
az imutha l  a n g u l a r  dependence of t h e  ou tgo ing  p i o n  w i t h  r e s p e c t  
t o  t h e  e l e c t r o n  s c a t t e r i n g  p l a n e .  Here we have a unique 
p r e d i c t i o n  f o r  t h e  Oy, dependence o f  t h e  c r o s s - s e c t i o n , ,  namely, 
where f and f ,  a r e  f u n c t i o n s  lndependent  of $ f o r  
1 L YJr ' 
ec: >> me (Ei-Ef )/\Ef , f  2 i s  g i v e n  by 
I f  we t a k e  Ef > Ei/2, t h e n  f  < 0 .13 .  Thus i f  we s e t  0 a t  2 -f " 
t h e  peak (8 '  = e E ) )  and Ef 2 Ei/2, i t  s h o u l d  be q u i t e  e a s y  t o  
YT 
I t o  o b s e r v e  t h e  S i n  2 4 dependence o f  t h e  e ' l e c t r o - P r i n a k o f f  Y 
c r o s s - s e c t i o n  
( i i)  8 dependence:  we o b s e r v e  t h a t  t h e  0 dependence  
Y" 
. . Y" 
I o f  t h e  e lec t ro -Pr ' imakof f  c r o s s - s e c t i o n  comes o n l y  from t h e  
I 
! 
2 2 +2 f a c t o r s  [2(Si . ; ) (sf . ; )  + % r k  ] and q  . Hence, i f  we c o n s i d e r  
, . ,  , 
I t h e  c r o s s - s e c t i o n  d i v i d e d  by  IF^.^ ( q  +2 ) I 2' t h e  R y r  dependence  
f o r  s m a l l  8  w i l l  a lways  be  o f  t h e  t y p e  
Y" 
L Z where B E  depends  o n l y  on k  and En a s  g i v e n  i n  e q .  ( 1 9 ) .  I f  I 
I ' , ,. , !?TP t-ke i - /  27" I 2 - = I  ,\ 
, I \  J - U, %.e . . ,  n e g l e c t  t h e  e l e c t r o m a g n e t i c  form- 
EP 
f a c t o r  e f f e c t ,  t h e  p e a k i n g  b e h a v i o u r  o f  Z -2 do w i l l  be t h e  
I 
! 
I same f o r  a l l  t a r g e t s .  T h i s d i s  shown i n  F.ig.  3 ,  where we have  
-2 doLr p l o t t e d  Z d ( C o s e  J- a s  a f u n c t i o n  o f  eyT/OE. 
Y" 
2 
(iii) Form f a c t o r  dependence ( k .  f i x e d ) : '  E a r l i e r ' ,  i n  
c i i s c u s s i n g , t h e  8  dependence o f  t h e  d i f f e r e n t i a l  c r o s s - s e c t i o n  
Y" 
we assumed F e S m  +2 ( q  ) = 1. T h i s  gave  u s  a  u n i v e r s a l  c u r v e  f o r  
EP 2-2 do 
dR" f o r  a l l  t a r g e t s .  . T h i s  i s  no l o n g e r  t r u e  when t h e  form 
f a c t o r  e f f e c t - i s  t a k e n  i n t o  a c c o u n t .  The e f f e c t  o f  t h e  form 
i f a c t o r ,  on t h e  c r o s s - s e c t i o n  is shown i n  F i g .  4, where we have 
I 
p l o t t e d  
I ~ T T  1. 05<k2> 1 .  o ~ < E ~ . >  
! 
EP d30EP z-2 do 
T Z T Z e i )  = z-. Id$yT I , dk2  , I dEf dlzf dk2dfi ( 2 9 )  
n 
Y* 
, : ;  
2  2 i a s  a f u n c t i o n  of  0 / B E  f o r  Ei = 1 0  Gev and l k  I = 0 ! 5  ( ~ e v / c )  . 
i YT 
F i g .  4a shows t h e  c a s e  f o r  Ef = 4 G-ev and F i g .  4 b  shows t h a t  
f o r  Ef = 8 Gev. S i n c e  t h e  e l e c t r o m a g n e t i c  form f a c t o r  f a l l s  
o f f  exponentially w i t h  i n c r e a s e  i n  <2, which depends  on B y n  
, ( s e e  E q .  ( I S ) ) , ,  t h e  form f a c t o r  e f f e c t  c a u s e s  t h e  p o s i t i o n  sf 
t h e  e l e c t r o - P r i m a k o f f  peak t o  s h i f t  from B y C =  BE t o w a r d s  a  
I ; s m a l l e r  a n g l e .  F o r  l a r g e  b  (heavy t a r g e t s )  and 1 k2 1 /ET2 l a r g e  
t < 
? .  
: ( > O . l )  t h e  s h i f t  .can b e  a p p r e c i a b l e . .  'This i s  shown . in  r i g .  6 .  
2 ( i v )  k dependence:  We n o t e  t h a t  i n  t h e  l< lnemat ic  r e g i o n  
, 1 
I 
I of o u r  i n t e r e s t  t h e  momentum t r a n s f e r  t o  t h e  t a r g e t  n u c l e u s  i s  
j '  
2  2 2  2  g i v e n  b y  c2 132B2 + ( m n  - k ) /4E, Now, i f  t h e  momentum 
TT y7i 
dependenc.e of t h e  e l e c t r o m a g n e t i c  form f a c t o r  i s  i n c l u d e d ,  t h e  
I 2  c r o s s - s e c t i o n  w i l l  f a l l  o f f  f a s t e r  w i t h  fnc re ' a se  i n  , k  1. The 
e x a c t  e x p r e s s i o n  f o r  t h e  form f a c t o r  i s  n o t  known. Here we 
s h a l l  p&ametr . ize i t  i n  t h e  form 
and c o n s i d e r  v a l u e s  o f  b = 0 ,  1 0 ,  and  300 ( ~ e v / c j - ~ .  The v a l u e  
! 
b  = 0  c o r r e s p o n d s  t o .  r i eg lec t l .ng  t h e  momentun1 dependence of t h e  
i form f a c t o r ,  w h i l e  b  = 1 0  ( ~ e v / c ) - ~ , .  and 300 ( ~ e v / c ) - ~  c o r r e s p o n d  
. r o u g h l y  t o  t h e  c a s e s  f o r  hydrogen and l e a d  t a r g e t s  r e s p e c t i v e l y ;  
i 2 
I The d e p e n d e n c e o f  t h e  e l e c t r o - P r i m a k o f f '  c r o s s - s e c t i o n  on k I 
f o r  t h e  t h r e e  v a l u e s  0 f . b  i s  shown i n  F i g .  5 .  The c r o s s - s e c t i o n  
, t h a t  we have  p i o t t e d  i s  o b t a i n e d  by i n t e g r a t i n g  t h e  d i f f e r e n t i a l  . . 
I 
i : c r o s s - s e c t i o n  g i v e n  by e q .  ( 2 0 )  ( s c a l e d  by a f a c t o r ,  bf Z - * )  o v e r  . . 
j * ;  2 
' . E f 9  k 8 y n 9 a  and  @ i n  t h e  r a n g e  0 . 9 5  1; 1 . 0 5  <Ef ' ,  
i Y'rr 
2  2  2 0 . 9 5  k 1, i; Ik 1 6 1 . 0 5  k I > ,  0  5 O y7i ' - < 2 . 5  B E  and 
0 5 $,, i 2n respectively, i . e . ,  we have  p l o t t e d  
I 
I !  
1 :  9 
aga.inst Xote t h a t t h e  f i l l c l e a r  f n r m  f z ~ t ~ l l r  e - f f ec t  :7e~.nnqs 
v e r y  i m p o r t a n t  f o r  heavy t a r g e t  m a t e r i a l s  a s  (k '  1 i n c r e a s e s .  
I ; .  The noyy c o u p l i n g  c o n s t a n t  i s  u s u a l l y  p a r a m e t e r i z e d  
2  2  f o r  s m a l l  k  , i . e . ,  k2  mT , by 
The t h e o r e t i c a l  v a l u e s  p r e d i c t e d  f o r  t h e  p a r a m e t e r  ' a s  a r e  s m a l l  
1 2 "  and p o s i t i v e  , . w h i l e  t h e  e x p e r i m e n t a l  v a l u e  , o b t a i n e d  from 
+ - t h e  decay mode nO+e e  y  i s  e i t h e r ;  n e g a t i v & 1 3  ( b u b b l e  chamber 
e x p e r i m e n t )  o r  a p p r o x i m a t e l y  ze ro14  ( s p a r k  chamber e x p e r i m e n t ) .  
2 I n  o u r  c a s e  Ik I c o u l d  be  q u i t e  l a r g e  and t h e  above p a r a m e t e r 1  
2 i z a t i o n  f o r  X(k , 0 )  c a n  n o t  b e  u s e d .  For  l a c k  o f  any d e f i n i t i v e  
knowledge on the momentum dependence of the coupling constant, 
we hav.e not considered any momentum dependence of the coupling 
! 
constant ~ ( k * ~ ~ ~ )  in plotting Figs. 4 and 5, and have used for 
A the va.lue obtained from the pion decay rat.e. 
V. Background Processes 
The main problems in studying the photo- and electro- ' 
Primakoff effects are due.to the presence of other important 
competitive processes. The relative.-importance of these back- 
ground processes for the Primakoff effect has been di-scussed in 
detail in the For the electro-Primakoff effect 
the c.nmp31.catJons. are .e~senf:~ially t.he same except for the 
. additio~al problem of bremsstrahlung radiation followed by 
photo-emission of the neutral pion. We shall brief'ly mention 
here the background problems and shall make some rough estimates 
of these contributions. 
One can classify the background as follows: 
nu-cleons inside the nucleus. This can be divided into two 
pai-ts - coherent cross section roughly proportional to and 
incoherent cross section roughly proportional to A, where A is 
the atomic number of the nucleus. The incoherent.contribution 
is expected to be small compared to the coherent one around 
the forward direction. 
(ii) Neutral pion reabsorption inside the nuclear matter. 
This can be taken into account by u.sing effective "absorbed 
form factorss'. for the' nucleus. 
(iii) Interference between the electro-Primakoff and electro- 
.-C 
n u c l e a r  cross-sections. 
i (iv) Bremsstrahlung radiation producing Primalcoff and 
nuclear pions. 
We shall discuss now only the two most important 
backgrounds, namely the nuclear coherent and the bremsstrahlung 
I ' 
production of pions. The cross section for direct electro- 
: production of nuclear T O  mesons from target nuclei is. not known I :  
i 
: ! : experimentally. Hence to compare this background with the main . , 
j process under consideration we have to estimate it by an indirect 
' method. This can be achieved by using the Weizsacker-Williams ' 
. approximation procedure applied'to the corresponding .photo-process. 
The equation to be used for this purpose is given by Eq. (12). 
In this approximation one neglects the longitudinal. part of the 
. . 
electro-amplitude and suitably approximates the rest near the I . . 
I 1  
, .  l"or;wai-h e1ec.t-t-c-ln sca'i;.'teringangic in ten-rus or ihe  correspollciing 
photo-anlplitude. Although crude, this approximation is expected 
i to produce results accur.ate to within 20% which would be adequate : I 
I 
i for a rough background estimate. Th,e nuclear coherent cross- 
! 
section for an' incident photon beam can, for our'.purpose,, be 
represented by 
where 
A = Atomic weight of the.target material, 
8 = angle between the. photon and the outgoing pion momentum, 
Y" 
F (2) = .form.-factor for $he' nuclear matter distribution in N 
the nucleus' corrected for absorpt'ion of the outgoing pion, 
and 2  C S i n  By, = squa re  o f  t h e  i s o s p i n  and s p i n  independent  
p a r t  o f t h e  pho top roduc t ion  ampl i tude  on 
a s i n g l e  nuc leon ;  
The v a l u e  of  C depends on v a r i o u s  f a c t o r s  i n c l u d i n g  t h e  energy 
of  t h e  i n c i d e n t  photon beam and t h e  t a r g e t  e lement . .  Unfo r tuna t e ly  
t h e r e  i s  no known t h e o r y  t o  c a l c u l a t e  .C; i t  has  t o  be ' regarded 
a s  a parameker t o  b,e determined exper:mentally. ' ~ x ~ e r i ' m e n t a l  
8 r e s u l t s  have shown t h a t  f o r  photon e n e r g i e s  1 . 5  Gev and 2 Gev, 
C r anges  from about  0 . 7  t o  1 . 6  mb/Sr f o r  t a r g e t  e lements  v a r y i n g  
+2 from carbon t o  l e a d .  The form f a c t o r  FN(q  ) i s  a compl ica ted  
f u n c t i o n  t h a t  f a l l s o f f  r a p i d l y  w i t h  i n c r e a s e  i n  z2. If t h e  
nuc l eus  i s  assumed t o  be a uniform sphe re  of  r a d i u s  H, .where 
4 R = ro~1/3,  t h e  form f a c t o r  i s  g iven  by 
. . 
The v a l u e  of  ro depends on t h e  momentum of t h e  i n c i d e n t  p a r t i c l e .  
and t h e  a tomic  weight  o f . t h e  t a r g e t ;  its approximate  v a l u e  i s  
+ 
about  1 f e r m i .  For s m a l l  q ,  e . g . ,  I ~ I R - < <  1.. 
We would l i k e  ~ o  r e m a r k . t h a t  i f  we have assumed a n  experiential 
form f o r  t h e  form f a c t o r ,  v i z . ,  
-+2 
l ~ ~ ( $ ~ ) 1 ~  = e-bq and 
2  i d e n t i f i e d  b  w i t h  R / 5 ,  s o  t h a t  f o r  s m a l l  5 we r e c o v e r  
e x p r e s s i o n  ( 3 4 ) ,  we would have  o b t a i n e d  b  = 6 . 2 ( G e v / ~ ) - ~  f o r  
hydrogen and b = 2 1 7 ( ~ e v / c ) - ~  f o r  l e a d  (we used R = r o A  1 / 3  
w i t h  ro = 1.1 f m . ) .  The' c o h e r e n t  n u c l e a r  p r o d u c t i o n  c r o s s -  
+ 2  2  s e c t i o n  would b e  maximum when  IF^(^ ) I s i n 2 8  is maximum. 
7'71 
T h i s  w i l l  o c c u r  a t  a n  a n g l e  
E - '1 * 2 - -  - 
ec  EnR , fiE 
71 
N o t i c e  t h a t  u n l i k e  t h e  e l e c t r o - P r i m a k o f f  p e a k i n g  a n g l e  B E ,  
O c  i s  i n d e p e n d e n t  o f  k2 b u t  depends o n l y  on t h e  t a r g e t  
m a t e r i a l  and t h e  energy  o f  t h e  o u t g o i n g  p i o n .  I n  F i g .  7  we 
have  p l o t t e d  t h e  c o h e r e n t  n u c l e a r  p r o d u c t i o n  c r o s s - s e c t i o n  
2  a s  a  f u n c t i o n  o f  0 /OE f o r  d i f f e r e n t  v a l u e s  o f  Ik I and  En, 
7'm . . 
and f o r  t a r g e t s  of  hydrogen .and.. l e a d  ( d a s h e d  cur .ves)  . I n  
e v a l u a t i n g  t h e  R.H,S. o f  ( 3 6 )  we used  Eqs .  ( 1 2 )  and ( 3 2 )  and 
. . 
assumed C = 1 mb/Sr. F o r  compar ison we have  a l s o  p l o t t e d  
t h e  c o r r e s p o n d i n g  e l e c t r o - P r i m a k o f f  c r o s s - s e c t i o n  ( s o l i d  c u r v e s )  
on . t h e  d iagrams .  
We n e x t  c o n s i d e r  t h e  b r e m s s t r a h l u n g  r a d i a t i o n  
problem.  Here one can  t a k e  a d v a n t a g e  of  t h e  h i g h l y  peaked 
n a t u r e  of  th.6. b r e m s s t r a h l u n g  r a d i a t i o n  i n  min imiz ing  t h i s  
I 
I background.  We know t h a t  f o r  v e r y  h i g h  e n e r g y " e 1 e c t r o n s  most 
o f  t h e  b r e m s s t r a h l u n g  r a d i a t i o n  i s  e m i t t e d  i n t o  small a n g l e s  i 
I 
i n  t h e  f o r w a r d  d i r e c t i o n  and  t h e  momentum t r a n s f e r  t o  t h e  
' coulomb f i e l d  i s  ve ry  s m a l l .  Using a n  e x p o n e n t i a l l y  d e c r e a s i n g  
. I a a t o m i c  p o t e n t i a l  8 e t h e 1 5  h a s  shown t h a t  f o r  s m a l l  a n g l e s  
I I 
where O o  = m,/Ei and B and D ' a r e  i n d e p e n d e n t  o'f O k j  t h e  a n g l e  
made by t h e  ' b r e m s s t r a h l u n g  photon w i t h  r e s p e c t  t o  t h e  i n c i d e n t  
, e l e c t r o n  beam. . S i n c e  ' t h e  l o g a r i t h m  t e r m  i n  ( 3 7 )  v a r i e s  r a t h e r  
s l o w l y ,  t h e  a n g u l a r  dependence of  t h e  b r e m s s t r a h l u n g  c r o s s -  
I 1 :  s e c t i o n  i s  e s s e n t i a l l y  g i v e n  ( f o r  s m a l l  . a n g l e s )  by t h e  f a c t o r  
B ~ / ( O ~ ~ + ~ ~ ~ ) ~ . .  The maximum1' t h e n  o c c u r s  a t  ~ ~ / o ~  'and t h e  
c r o s s - s e c t i o ~  f a l l s  o f f  s t e e p l y  w i t h  i n c r e a s e  i n  e k .  We n o t e  
I 
\ t h a t  f o r  1 0  Gev e l e c t r o n s  €lo 1 . 5 x 1 0 - ~  and a t  O k  = 5x10-', t h e  
i .  
c r o s s - s e c t i o n  i k  a l r e a d y  down by a  f a c t o r  o f  The n o  
p r o d u c t i o n  c r o s s - s e c t i o n  by t h e  b r e m s s t r a h l u n g  p h o t o n s  ( v i a  
Pr imakoff  and  n u c l e a r  p r o c e s s e s )  w i l l  t h u s  be, e s s e n t i a l l y '  
s y m m e t r i c a l  a round  t h e  f o r w a r d  direction and would e x h i b i t  'a 
2  s h a r p  peak (Pr imakof f  p e a k )  a t  a n  a n g l e  O r  = B p  = m * / 2 ~ ~  , r 
and a w i d e r  peak ( c o h e r e n t  ' n u c l e a r  productLori p e a k )  a t  
1 '- w . (Here  O n  d e n o t e s  t h e  n o  p r o d u c t i o n  a n g l e  e n  - O c  - 
6 0 ~ ~  
w i t h  r e s p e c t  t o  t h e  i n c i d e n t ,  e l e c t r o n  beam).  Now t h e  a k g u i a r  
---- 
. . 
d i s t r i b u t i o n  o f  t h e  no  produced i n  t h e  e l e c t r o - P r i m a k o f f  
! p r o c e s s  w I ~  b~ a l s o  h i g h l y  peaked ,  b u t  i t  s h o u - l d b e  n o t i c e d  
t h a t ,  u n l i k e  t h e  n o s  produced by t h e  b r e m s s t r a h l u n g  p h o t o n s ,  
I 
1 
t h e  symmetry a x i s  o f  t h e  e l e c t ' r o - ~ r i m a k o f f  p i o n s  w i l l  b e  a round  
t h e  d i r e c t i o n  O k  o f  t h e  exchanged v i r t u a l  photon and  not '  a round  
i t h e  fo rward  d i r e c t i o n .  ' Thus ,  i f  t h e  k i n e m a t i c s  o f  t h e  a p p a r a t u s  
I .  
. . , i s  s o  a r r a n g e d  t h a t  O k  > >  0 t h e  e l e c t r o - P r i m a k o f f  'peak w i l l  1 ,  C '  
. . 
i o c c u r  i n  a r e g i o n  wnere the '  b r e m s s t r a h l u n g  background w i l l  b e '  
s m a l l .  The c o n d i t i o n  B k  >> B c  can be  met b y  making t h e  f i n a l  
5 E7T , o r ,  e q u i -  e l e c t r o n  t o  s c a t t e r  a t  a n  a n g l e ,  B e  = ?Bk >> -
4.- 
v a l e n t l y  by h a v i n g  -k2 > j  Ei/(,bEp) . ,  I n  t h e  er .erby r e g i o n  o f  
o u r  i n t e r e s t  t h i s  c o n d i t i o n  can  be  s a t i s f i e d .  
Referer ices  
1. : H .  P r i m a k o f f ,  Phys.  Rev.. 1 8 1  899 ( 1 9 5 1 ) .  
I 9 . !  
2.  V .  G l a s e r  and  R . A .  F e r r e l l ,  Phys. '  Rev. - 1 2 1 , .  886 ( 1 9 6 1 ) .  
3. C .  C h i u d e r i  and  G .  Morpurgo, Nuovo Cimento 3, 497 ( 1 9 6 1 ) .  
4 .  C . A .  E n g e l b r e c h t ,  Phys .  Rev. - 133B, .988,  ( 1 9 6 4 ) .  
G .  Morpurgo, NUOVO Cimento 21, 569 (1964 j. . 5  
6 .  G .  B e l l e t t i n i ,  C .  Bemporado, P . 1 ;  B r a c c i n i  and  L .  Fo5, 
Nuovo Cimento %A, 1139 ( 1 9 6 5 ) .  
7 .  B .  M a r g o l i s k  Phys .  L e t t e r s  - 26B, 524 ( 1 9 6 8 ) ;  N u c l e a r  P h y s i c s  
B g ,  85 (1968) . .  
8 .  ' G .  ~ e l l e t t i n i ,  C .  Bemporad, P.L. R r a c c i n i ,  C .  B r a d a s c h i a ,  
I.. Fo2, K .  Liibelsmeyer a n d  D .  S c h m i t z ,  Nuovo Cimento - 5 6 ~ ,  
243 ( 1 9 7 0 ) .  
9. J .D. B j o r k e n  and  S.D. D r e l l ,  H e 1 a t i v i s t . i ~  -Quantum Mechanics ,  
McGraw H i l l  Book Company, Xerv York ( 1 9 6 5 ) .  
1 0 .  C.F. W e i z s a c k e r ,  Z .  Physiic -- 8.8. 612 (1934) ' ;  E. J . ,  Williams, 
' Kgl. Danske Videnskab.  S e l s k a b ,  Mat . - f y s .  Medd. - 13, No. 4 
( 1 9 3 5 ) .  
11. R . B .  C u r t i s ,  Phys .  Rev. 104, 211 ( 1 9 5 6 ) .  F o r  a more 
e x h a u s t i v e  r e f e r e n c e  on t h i s  t e c h n i q u e ,  s e e  S .  J .  Brodsky , 
T. K i n o s h i t a  and  H .  Terazawa,  Phys .  Rev. J 4~ 1532 (1971) .  
1 2 .  B.E. L a u t r u p  and  J. S m i t h ,  Phys .  Rev. - 9  D 3  1122 ( 1 9 7 1 )  a n d  
o t h e r  e a r l i e r  . r e f e r e n c e s  c o n t a i n e d  i n  t h i s  p a p e r .  
1 3 .  N.P. Samios ,  Phys .  Rev. - 1 2 1 ,  275 ( 1 9 6 1 ) )  H .  Kobrak ,  Nuovo 
Cimento 20, 1115 ( 1 9 6 1 ) .  
1 4 .  S .  Devons e t .  a l . ,  Phys. Rev. - 1 5 4 ,  1356 ( 1 9 6 9 ) .  
I 
15. .  H .  B e t h e ,  P roc .  Camb. P h i l .  Soc .  - 30 ,  524 ( 1 9 3 4 ) .  
16.: M .  S t e a r n s  (Phys .  Rev. - 76;836 ( 1 9 4 9 ) ) ' h a s  worked o u t  t h e  
r o o t  mean s q u a r e  a n g l e  o f  e m i s s i o n  o f  pho tons  i n  r a d i a t i o n  
p r o c e s s e s  o f  e l e c t r o n s .  H i s  r e s u l t  may b e  w r i t t e n  as 
2 me' f i e  > = f ( E i , E f , Z )  - E  i l n ( E  i /m e  ) ,  where ~ ( E ~ , E ~ , Z )  i s  l e s s  
t h a n  1. 
~ e i z s s c k e r - ~ i l l i a m s  Approximation 
j. 
' 
In  analogy t o  t h e  Primakoff process  l e t  us  cons ider  a 
/ 
photoproduction r e a c t i o n  y + z + z + X where a p a r t i c l e  
X i s  produced by a nucleus z .  The ampli tude f o r  t h i s  pro- 
c e s s  can be  w r i t t e n  a s  
where c (k ,  X )  i s  t h e  p o l a r i z a t i o n  v e c t o r  of t h e  photon wi th  
i-' 
p o l a r i z a t i o n  71 and four-momentum k. For t h e  r e a l  photon c a s e  
k2 = 0 and gauge c o n d i t i o n  requi res .  t h a t  
k r n  = O  
I-I i-' 
The d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  given by 
+ 
do 1 IP, I - = - -- 
tin 'I7 A i  1; i2 x 3 2 ~ "  x 
where we h a v e a v e r a g e d  over  t h e  photon p o l a r i z a t i o n s  and ne-+ 
g l e c t e d  t h e  r e c o i l  energy of  t h e  nucleus.  
The ampli tude f o r  t h e  corresponding e l 6 c t r 0 - ~ r o d u c t i o n  
process  can b e  w r i t t e n  a s  
where we have used t h e  convent ional  n o t a t i o n s  f o r  t h e  sp inors .  
The conservation o f . e l e c t r o m a g n e t i c  c u r r e n t  r e q u i r e s  t h a t  
ki-'Mi-' = (pi-p ) M 
= 0 
f i-' I1 
-> + + 
We can t h u s  r e p l a c e  M o by keM/lcc and express  I i n  t e r m s  of M 
.. ..- I-[ 
only.  To c a l c u l a t e  t h e  c ross - sec t ion ,  we average over  t h e  i n i -  
t i a l  e l e c t r o n  s p i n  s t a t e s  and sum aver al-1 f i n a l  s p i n  s t a t e s .  
Then 
where we have used t h e  f a c t  t h a t  pi- M = p Me For tlir real. 
f' 
photon, t h e  ma t r  i > r  element l;?.as on1 y a t r a n s v e r s e  cori~poncnt, 
-> -+ . . 
:i,c., k.m = 0 ,  'bu, t  f o r  t h e  v i r t u a l  photon t h e r e  i s  'a 1.ongitu- 
+ +  - > +  + 
where k . M  = k..b$! and k Note t h a t  a s  k 
2 
. :>
PI -+ 0 and t h e r e f o r e  M + rc; . 
P i-l 
W e  s h a l l  .now d e s c r i b e  the  Weizsacfccr-Will iams (\I--W) ap- 
proximation method, which was invented t o  0btaj.n rou.gh1.y t h e  
r 2 s u l t s  of  c o l l i s i o n s  induced by charged p a r t i c l e s  from a 
knowledye of the corresponding photon-.i.nduced r e a c t i o n s .  
This  technique i s  a p p l i c a b l e  only  f o r  t h e  case  o f  a r e l a t i v i s t i c  
charged p a r t i c l e  undergoing a .very srriall d e f l e c t i o n .  W e  f i r s t  
note'' t h a t  when t h e  e l e c t r o n  s c a t t e r i n g  ang le  i s  very  smal l ,  
one can approximate t h e  c o n t r i b u t i o n  of (Si.-%l2 i n  tevms o f  
1 % l 2  i n  the fn l . lnur ing  way 
-t 2:'- 2 ,217' 
lim i'" + -+ 2 
'f .in 2 0, l p i . %  1 dcpC2 = 1 i . m  ---- -+2 , 
0 ,-to 
1 1% 12dpe ( ~ 8 )  
@,+0 2k 
Thus i f  we a r e  i n t e r e s t e d  i n  t h e  c ross - sec t ion  i n t e g r a t e d  over 
. , 
t h e  outgoing a z i m u t h a i  ang le  we can approximately r e p l a c e  
In t h e  W-W approxiination one n e g l e c t s  t h e  1\\ terms com- 
pared t o  t h e  Qr terms and uses  equat ion  ( A 9 )  to w r i t e  t h e  whole 
I -.,- c r o s s - s e c t i o n  i n  t c r i o s  of  i M  1 I One t h e n  o b t a i n s  t h2  f o l l o v i n g  
I 'I' 
express ion for the c:lec.i:.ro.-.>>~:oduct i o ~ i  c ross -  sec t i -on  
i 
I t ' - 2 In  the same s p i r i t  o f  i?pproxi.rnation, one now replaces 
. j .  
i ! 
' 
. by the real p'l?ot.cn cross-sec!:io.n given j.n EQ. ( A 3 )  and f i n a l l y  
I 
obtaj .ns .the des .i..red expr t  , ., . . if'l-i - 
We. sl.ibi~ ld now p o i n t  o1;t tha-t .in the electro-Primakof f process  
1 the l o n g i t u d i n a l  p a r t  of -the arnnplitu.de iiientica3.i.; van i shes ,  
I. < . . 
-*.>,j-e;; ---!Y-- +-I% 4 , -  :.-;-v-.,'vn:-; m ~ n n m r l ' v e  m . > ~ f i  -i ,.v.t- .; F . ;  21,'j a 
I L U p -  L C .  . .  A .  L I L < J A -  .- L%.-) L - L  L C I J . C I 4  .s 
However, t o  o b t a i n  the  olectuo-Primako:CE r e s u l t s  one s t i l l  
.-> .. 
lhas to use Eq. ( A 9 1  and replace Y+, by the a a p l i t u d e  f o r  t h e  
I 
Primakoff process. 
F i g .  1. 
I 
! 
F i g .  3. 
F i g u r e  C a p t i o n s  
Diagram showing t h e  k i n e m a t i c s  of t h e  e l e c t r o -  
Primaltoff p r o c e s s .  
The c o - o r d i n a t e  s y s t e m  used  i n  s t u d y i n g  t h e  e l e c t r o -  
Pr imakoff  e f f e c t .  The o u t g o i n g  p i o n  makes a n  a n g l e  
( O y ' r r '  Q y T I )  
w i t h  r e s p e c t  t o  t h i s  s y s t e m ,  where t h e  
Z-axis i s  t z k e n  a l o n g  t h e  virtua1:photon momentum k  
and Y-axis i s  p e r p e n d i c u l a r  t o  t h e  p l a n e  d e f i n e d  by 
-? + -+ 
P i ,  , p f  and k .  
doEP- The shape  o f  d ( C o s O  ( a r b i t p a r y  u n i t s )  a s  a f u n c t i o n  
o f  0 / B E  when Fe 2  ) = 1 and  k , Ei, Ef and @ 
Y'rr Y 'rr 
i a r e  k e p t  f i x e d .  
I .' 
i p l o t t e d !  a s  a f u n c t i o n  o f  0 /0, f o r  Ei = 10 Gev and 
Y T  - 
I 
, ! , < l k 2 1 >  . = . 0 . 5  . ( ~ e v / c ) ~ .  T O  d i s p l a y  t h e  e f f e c t  of  
! 
. e l e c t r o m a g n e t i c  form f a c t o r . o n  t h e  d i f f e r e n t i a l  
c r o s s - s e c t i o n ,  t h r e e  v a l u e s  o f  b ,  namely,  0 ,  1 0  and 
. . 
300 ( ~ e v / c ) - ~  a r e  u s e d .  F i g .  4a i s  f o r  <Ef> = 4 Gev 
' and F i g .  4b f o r  <Ef> = 8  Gev. 
-zAoEP F i g .  5 .  . P l o t  of  Z g i v e n  by Eq. (31) as' a f u n c t i o n  of 
2  < I k  I >  f o r  d i f f e r e n t  v a l u e s , o f  b .  E i . =  1 0  Gev f o r  
a l l  t h e  c u r v e s . .  The s o l i d  ( d a s h e d )  c u r v e s  a r e  f o r  . 
<Ef> = 4 Gev ( 8  Gev).  For  d e t a i l s  s e e  t e x t .  
/ 
F i g .  6 .  The e f f e c t  o f  t h e  form f a c t o r  on t h e  p o s i t i o n  o f  
A 
- -k" +,,a ; t h e  e l e c t r o - P r i m a k o f f  p e a k .  6E, 2  g i v e s  2E.., 
t h e  v a l u e  o f  0 a t  whjch th.e e l e c t r o - f r i r n a k o f f  
y.rr 
peak o c c u r s  when t h e  form f a c t o r  e f f e c t  i s  n e g l e c t e d ,  
w h i l e  gE g i v e s  t h e  c o r r e s p o n d i n g  v a l u e  when t h e  
form f a c t o r  e f f e c t  i s  i n c l u d e d  i n  t h e  t h e o r y .  
F i g .  7 .  The d i f f e r e n t i a l  c r o s s - s e c t i o n s  f o r  t h e  c o h e r e n t  
n u c l e a r  background ( d a s h e d  c u r v e s )  and e l e c t r o -  
Pr imakoff  e f f e c t  ( s o l i d  cu rve t s )  a r e  p l o t t e d  a g a i n s t  
0 /BE f o r  hydrogen ( b  = 1 0  ( ~ e v , / c ) - ~ )  and l e a d  
Y'rr 
( b  = 300 ( ~ e v / c ) - ~ )  t a r g e t s  and f o r  v a r i o u s '  v a l u e s  
o f  k2  and En. En i s  6 Gev i n  F i g s .  7 a  - 7c .and 
3 2  Gev i n  F i g s .  7.d and 'ie. .l'ne values of k &rte 
i n d i c a t e d  i n  t h e  d iagrams .  !, The , s o l i d  c u r v e s  i r ?  
F i g .  7c a r e  t h e . s a m e  a s  t h e  c o r r e s p o n d i n g  c.urves i n  
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